Stress is generally thought to increase the strength of selection, although empirical results are mixed and general conclusions are difficult because data are limited. Here we compare the fitness effects of nine independent recessive mutations in Drosophila melanogaster in a high-and low-dietary-stress environment, estimating the strength of selection on these mutations arising from both a competitive measure of male reproductive success and productivity (female fecundity and the subsequent survival to adulthood of her offspring). The effect of stress on male reproductive success has not been addressed previously for individual loci and is of particular interest with respect to the alignment of natural and sexual selection. Our results do not support the hypothesis that stress increases the efficacy of selection arising from either fitness component. Results concerning the alignment of natural and sexual selection were mixed, although data are limited. In the low-stress environment, selection on mating success and productivity were concordant for five of nine mutations (four out of four when restricted to those with significant or near-significant productivity effects), whereas in the high-stress environment, selection aligned for seven of nine mutations (two out of two when restricted to those having significant productivity effects). General conclusions as to the effects of stress on the strength of selection and the alignment of natural and sexual selection await data from additional mutations, fitness components and stressors.
INTRODUCTION
Environmental stress, defined as conditions that reduce absolute fitness relative to that in some other (that is, benign) context (Hoffmann and Hercus, 2000; Martin and Lenormand, 2006; Agrawal and Whitlock, 2010) , is pervasive in nature, arising from diverse changes in the biotic and abiotic conditions experienced by an organism. The effects of such stresses on selection have a number of potentially important consequences. If stress commonly increases the strength of selection, for example, adaptation may occur more rapidly than otherwise expected, allowing populations to better colonize novel environments or persist during times of environmental change. If selection is stronger under stress, deleterious mutations may also be more effectively purged, reducing mutation load and inbreeding depression as compared with that under benign conditions.
The conventional view is that selection is stronger on average under more stressful conditions (for example, Parsons, 1987; Uyenoyama, 1993; Kondrashov and Houle, 1994; Jasnos et al., 2008 ; reviewed by Agrawal and Whitlock (2010) ). This may have arisen in part from a tendency to erroneously equate reductions in absolute and relative fitness. However, it also likely reflects a general notion that organisms possess an excess capacity to maintain their performance such that individuals in good condition, for example, because they have experienced a relatively benign environment, are less likely to manifest the effects of a deleterious mutation than individuals that have experienced a more stressful environment and are thus in poor condition. Nonetheless, as highlighted in a recent review (Agrawal and Whitlock, 2010) , other conceptual frameworks exist that do not suggest a consistent strengthening of selection under stress, but rather predict variable effects, with stress increasing, decreasing or having no effect on selection depending on the particular circumstances. For example, models of fitness as a flux through a pathway or network suggest that environmental stress, by altering the rate-limiting step in the process, may strengthen or weaken selection on a particular mutation depending on where the effect of this mutation occurs in the pathway (Szathmary, 1993; Keightley, 1996; Segre et al., 2005; Sanjuan and Nebot, 2008) . Recent theoretical models of fitness landscapes also fail to support the notion that stress, as represented by a change in environment, will cause a consistent strengthening of selection (Martin and Lenormand, 2006) .
A number of studies have compared the fitness effects of individual mutations in high-and low-stress environments in Drosophila (Lewis, 1954; Kondrashov and Houle, 1994; Yang et al., 2001; Fry and Heinsohn, 2002; Wang et al., 2009; Young et al., 2009 ) and a variety of other organisms (for example, Kishony and Leibler, 2003; Jasnos et al., 2008 ; for a comprehensive review see Agrawal and Whitlock, 2010) . On the whole, these data do not support the conventional view that stress tends to increase the strength of selection. Rather, effects are highly variable, with stress weakening selection almost as often as it strengthens it (Agrawal and Whitlock, 2010) . Understanding this heterogeneity of responses will require moving beyond the expectation of a simple, general effect of all stresses to address more specific questions, for instance whether certain classes of stress have particular effects or tend to impact certain components of fitness. In the former case, for example, there is some indication that stress arising specifically from increased resource competition may strengthen selection on average (Agrawal and Whitlock, 2010) .
Our ability to draw detailed and robust conclusions is currently hampered by insufficient data. The effects of stressful environments on particular fitness components, for example male reproductive success, have not been addressed, and data are lacking as to whether stress differentially affects different components. The latter is of particular interest with respect to questions concerning the alignment of natural and sexual selection, and hence whether sexual selection tends to promote adaptation. Males often invest substantial resources in maximizing their reproductive success such that, as for other major components of fitness, the underlying traits affecting it are likely to be condition-dependent (Cotton et al., 2004) . Given that much of the genome is likely to contribute to an individual's condition (Houle, 1991; Rowe and Houle, 1996) , mutations harmful to condition, and hence deleterious with respect to natural selection, may also tend to reduce male reproductive success (Whitlock and Agrawal, 2009) . Sexual selection will therefore also act against such mutations, aligning itself with natural selection to increase population mean fitness. Few data directly address this alignment, however, and the extent to which this may change with environment has received limited attention. In particular, if selection varies with stress, the degree to which natural and sexual selection align in novel or changing environments will depend on the effects of stress on sexual versus non-sexual fitness.
Here, for nine independent, recessive mutations with visible phenotypic effects, we estimate the strength of selection arising from two separate fitness components: male mating success and productivity. Using a laboratory population of Drosophila melanogaster, we quantify how selection on these mutations changes in a benign and a stressful environment, and the degree to which natural and sexual selection align for these mutations in each environment. We estimate male mating success through competitive, multiple-choice mating trials and our productivity assay compares the number of adult offspring produced by mutant and wild-type (stock) females that were raised together in a common micro-environment and then mated to standard males. Replicating across nine independent mutations permits direct tests of the hypotheses of interest that treat separate mutations as replicates, thereby providing general insight into this class of mutations.
MATERIALS AND METHODS

Study populations
A laboratory stock population of D. melanogaster was created from a sample of approximately 200 flies collected around Dundas, Ontario, by R Dukas (McMaster University, Canada) in 2006 and 2007, and has been maintained in the laboratory at a large population size since (MacLellan et al., 2009) . A large sample of this stock was transferred to the University of Ottawa, Canada, in February 2007 and was maintained in 16 half-pint bottles under constant conditions (25 1C, 50% relative humidity, 12L:12D photoperiod) with discreet non-overlapping generations on a standard cornmeal-based food for a minimum of 27 generations prior to the start of the experiment.
Nine populations fixed for different recessive mutations with visible phenotypic effect in adult flies were obtained from the Bloomington stock centre in late 2007 (Table 1 ) and separately introgressed into the stock. Three of these mutations are X-linked (yellow, forked, white) and six are autosomal (brown, claret, cinnabar, eyeless, plexus, sepia), with six affecting eye phenotype (brown, white, cinnabar, claret, sepia, eyeless), one affecting wing phenotype (plexus) and one each affecting bristles (forked) and body color (yellow). Each mutation was crossed separately into the stock population through five rounds of backcrossing, yielding nine populations that shared a similar outbred stock genetic background but each fixed for a different visible mutation (MacLellan et al., 2009) . At least one round of introgression was initiated by a mating in each direction (that is, stock femaleÂmutant male and mutant femaleÂstock male) to ensure that the final introgressed mutant populations carried mtDNA and Y chromosomes from the stock. For each mutation, introgression was begun by crossing 100 stock females with 50-100 mutant males. All subsequent crosses throughout the entire introgression procedure involved 100 individuals of each sex, with a similar number of mutant individuals of each sex collected from the offspring of the final round to found the new introgressed mutant stock. After introgression, mutant populations were maintained under the same conditions as the stock (25 1C, 50% relative humidity, 12L:12D photoperiod) with discreet non-overlapping generations on a standard cornmeal-based food.
Environmental stress assay
Environmental stress was imposed through a dietary manipulation that used two different larval foods: the standard laboratory cornmeal-based food to which the population is adapted and a novel corn-flour-based food (see Rundle et al., 2005 for the corn-flour media recipe). To confirm that the novel cornflour food increased stress relative to the standard diet, the egg-to-adult survival and emergence time of individuals from the stock population was compared between the two larval foods. A paired design was employed in which 120 eggs were collected from a single group of stock females and then split in half and immediately transferred to two vials (that is, 60/eggs vial), one containing the standard cornmeal food and the other containing the novel corn-flour food. One hundred replicate pairs were set up over a 72-h period and the eggs for each replicate were collected from a unique set of females. The total number of adult offspring and the timing of emergence (to the nearest 24 h) were recorded for each vial until all offspring had emerged. The effect of larval rearing environment on the total number of adults emerging, and their timing of emergence, were tested separately using paired t-tests (two-tailed).
Male mating success assay
For each mutation, the mating success of mutant relative to stock males was determined by using a multiple-choice mating assay separately for males raised in each of the two larval food environments. Each replicate involved 20 stock females placed together in a translucent plastic cage (14Â14Â14 cm) with 20 mutant and 20 stock males. The cages were shielded from sight to minimize disturbance and mating pairs were removed by aspiration at approximately 10-min intervals. To ensure that females had a choice between males of both types, only the first 10 mating pairs were collected from any single cage, after which the cage was terminated and the remaining individuals were discarded. Males from the mating pairs were identified as either stock or mutant by phenotype.
Forty replicate cages were performed for each mutant population, 20 in which males were raised in the standard cornmeal food environment and 20 in which they were raised for a single generation in the novel corn-flour food environment. Females were raised on the standard cornmeal food in all cases such that differences in the mating success of mutant relative to stock males in the two environments could be attributed to changes in the males and not the females. Individuals for use in the mating trials were collected as virgins upon emergence by using light CO 2 anesthesia and held separately by sex (females in groups of 10, males in groups of five) in vials containing 5 ml of their respective food for 5 days prior to the assay. The assay was performed in blocks such that 1-3 mutant populations were tested within a single environment during any particular generation.
The mating success of mutant relative to stock males was calculated as a proportion (p ms ) by dividing the number of mutant matings (x m ) by the sum of the number of mutant and stock (x s ) matings within a cage (that is, p ms ¼x m / (x m +x s )). The effect of each individual mutation on male mating success was evaluated by using a one-sample t-test (two-tailed), treating population cages as replicates, to determine whether the success of mutant males differed significantly from 0.5 (that is, the null hypothesis of equal mating success of mutant and stock males). To determine the effect of these mutations overall, the mating success of each mutant population was then calculated as the average proportion across all 20 replicate cages of that mutation in a particular environment ( p ms ). A one-sample (two-tailed) t-test, treating mutations as replicates, was then used to determine whether these values differed significantly from 0.5. None of the above results changed qualitatively when proportions were arcsine-square root-transformed prior to the analyses, so results of the untransformed analyses are presented for simplicity. Selection coefficients describing the homozygous effects of each mutation on mating success in each environment (s ms ) were calculated by defining the fitness of the mutant as 1+s ms times the fitness of the stock (that is, x m ¼(1+s ms )x s ) such that s ms ¼(x m /x s )À1. Selection coefficients were therefore estimated as: s ms ¼(2 p ms À1)/(1À p ms ). A paired t-test (two-tailed) was used to determine whether the strength of selection differed overall between the two environments treating mutations as replicates.
Productivity assay
Productivity was determined by counting the total number of adult offspring that emerged from eggs laid by a single female in a 24-h period when mated to a randomly chosen stock male. Productivity therefore represents a combined measure, in an environment, of the fecundity of a particular female and the egg-to-adult survivorship of her male and female offspring. Replicate females were raised in the ancestral (cornmeal) and novel (corn-flour) food environments and laid eggs in the same environment in which they were raised. Productivity was measured in blocks such that females from two mutant populations and the stock were assayed in both environments within any particular generation.
To control for replicate-specific environmental effects on productivity, the two mutant and the stock populations assayed within a particular block were raised together in a common micro-environment (that is, vial) for one generation prior to the productivity assay (Figure 1 ). Within each block, a single non-virgin female (previously mated with one or more of her own males) from each of two mutant populations and the stock were placed together in a single vial for 24 h of egg laying, after which they were discarded. Approximately 150 of such 'mixed' vials were created for each of the two environments (cornmeal and corn-flour larval media). Four female offspring were collected as virgins upon emergence from a particular mixed vial using light CO 2 anesthesia: two stock females and one female of each of the two mutants. These females were held individually in vials containing 10 ml of their respective food (that is, cornmeal or corn-flour) for 5 days. Four virgin males were then collected from a single vial of stock flies, raised on cornmeal food, and a single stock male was added to each of the four vials. The use of standard stock males controls for any differential effects of males on female productivity. Owing to handling errors and the death of some flies, an average of 126 replicate vials were set up for each combination of mutation and environment (range 112-153), with each vial containing 10 ml of the environmentappropriate food (cornmeal or corn-flour-based). After 24 h, the male and female were discarded and all offspring subsequently emerging from each vial were counted.
'mixed' vial (cornmeal or cornflour food) Figure 1 Overview of the design of the productivity assay. A single female from each of the stock and two of the mutant populations were mated to their own males and then placed together for oviposition in a single 'mixed' vial containing either the ancestral (cornmeal) or the novel (corn-flour) food. From this vial, four virgin females were collected, two stock and one of each of the two mutants, and used to set up four productivity vials containing the same food as that on which the female was raised. To each vial was added a single stock male, raised in cornmeal, with all four males collected from the same vial. Approximately 150 replicates of this design were set up for each pair of mutants.
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The effect of each individual mutation on productivity was evaluated by using 'difference scores' calculated as the number of adult offspring produced by a mutant female minus the average number produced by the two stock females raised in the same vial as the mutant (Figure 1 ). For each mutation, a one-sample t-test (two-tailed) was used to determine whether these scores differed significantly from 0 (that is, the null hypothesis of no effect of the mutation on productivity). To test the overall effect of these mutations on productivity, a one-sample (two-tailed) t-test, treating mutations as replicates, was used to determine whether the mean difference differed significantly from 0 in each environment. Selection coefficients describing the effects of each mutation on productivity (s p ) were calculated by comparing the average productivity for each mutation in each environment ( w m ) with the average productivity of the stock that was raised in the same set of vials ( w s ). The fitness of the mutant was again defined as 1+s p times the fitness of the stock, yielding: s p ¼ wm ws À 1. These selective coefficients represent the combined effects of these mutations on female fecundity when homozygous, and male and female survival (egg to adult emergence) when heterozygous. A paired t-test (twotailed) was used to determine whether the strength of selection differed overall between the two environments, treating mutations as replicates.
Statistical analyses
The productivity and mating success measures for the individual mutations above were approximately normally distributed and, given the robustness of t-tests to violations of this assumption, we therefore employ parametric analyses. However, in a handful of cases a normal distribution could be statistically rejected. Although the distributions in these cases were unimodal and roughly symmetrical, at the suggestion of a reviewer we repeated the analyses by using non-parametric Wilcoxon sign ranked tests. While we present these results for completeness, our interpretation focuses on the parametric analyses given our a prior decision that these were appropriate. For the overall tests of the various hypotheses that treated the nine mutations as replicates, none of the results changed qualitatively when non-parametric analyses were employed and we therefore presented the results of the parametric analyses only.
RESULTS
Effects on mating success and productivity
In the ancestral environment, the mating success of mutant males was reduced relative to stock males for all nine mutations, seven significantly when considered individually (Table 1 ). This pattern is significant overall (t¼À3.90, df¼8, P¼0.005), indicating a general tendency for such mutations to reduce male mating success relative to wild-type males. In the novel environment, eight of the nine mutations reduced male mating success with five of these being significant when considered individually (Table 1) . Again, this pattern is significant overall (t¼À2.96, df¼8, P¼0.018), suggesting that such mutations remain deleterious in general in this environment. Only plexus increased male mating success and its effect was non-significant (Table 1) . Results of the tests of the individual mutations are not changed qualitatively if non-parametric analyses are used instead, with the single exception that sepia becomes marginally non-significant in the ancestral environment (the P-value changes from 0.044 to 0.065).
In the ancestral environment, the productivity of mutants was reduced relative to the stock for five of the nine mutations, three significantly and the fourth borderline (white: P¼0.066) when considered individually (Table 2) . None of the mutations significantly increased productivity. Across mutations, the mean reduction in mutant productivity was not significant in a two-tailed test (t¼À1.46, df¼8, P¼0.182). In the novel environment, six of the nine mutations decreased productivity relative to the stock, with two of these being significant individually (Table 2) . Again, none of the mutations significantly increased productivity. For the novel environment, the mean reduction in mutant productivity overall was not significant in a two-tailed test (t¼À1.58, df¼8, P¼0.154). Using non-parametric analyses instead, none of the previously significant mutations in either environment become non-significant and two previously non-significant mutations (cinnabar and forked) become significant in the ancestral environment (P¼0.047 and 0.048, respectively).
Changes in selection with stress
The egg-to-adult survival of stock individuals was reduced by 41.6% on average in the novel corn-flour food environment as compared with the standard food environment, with an average of 28.5 versus 48.8 adults emerging, respectively, from vials created with 60 eggs. This decrease is significant (paired t-test, t¼15.7, df¼899, Po0.001) and is very similar to the 42.7% reduction in average stock productivity observed across the five blocks of the productivity assay (41.3 versus 72.0 adult offspring on average on the novel corn-flour and the standard food, respectively). The emergence time of stock individuals was also increased by 5.1 days on average on the novel corn-flour food as compared with the standard food, a difference that is also significant (paired t-test, t¼À48.9, df¼898, Po0.001). These differences in egg-to-adult survival and emergence time indicate that the Significance (P) was evaluated by one-sample t-test (t) to determine whether the difference in productivity (mutantÀstock) differed from 0 (the null hypothesis of equal productivity of stock and mutant females), treating vials as replicates. Degrees-of-freedom vary depending on the number of replicate vials and range from 111 to 152. The asterisks denote Pp0.05.
novel corn-flour environment can be considered as more stressful. Both results remain highly significant in non-parametric analyses. Selective coefficients for these mutations tended to correspond between the two environments, falling roughly along the 1:1 line and generating a cross-environment correlation (estimated as the correlation of mean selective coefficients) that was strong and highly significant for male mating success (r¼0.903, t¼5.55, df¼87, Po0.0001; Figure 2 ) and that, although somewhat weaker, was still substantial and approached significance for productivity (r¼0.615, t¼2.06, df¼87, P¼0.078; Figure 3 ). Selection coefficients did not differ on average between these two environments for either male mating success (paired t-test, t¼0.607, df¼88, P¼0.561) or productivity (paired t-test, t¼À0.196, df¼88, P¼0.849) , providing no evidence that stress increased, or otherwise altered, the overall effects of these mutations on these fitness components.
Sexual selection and mutation load Support for the alignment of natural and sexual selection was mixed. In the ancestral environment overall, five of the nine mutations had corresponding effects on male mating success and productivity (Figure 4) . However, restricting analysis to the three mutations that significantly reduced productivity in this environment (claret, eyeless, sepia), all three caused significant reductions in male mating success and white, which caused a borderline-significant reduction in productivity (P¼0.066), also decreased male mating success significantly in this environment. In the novel environment, natural and sexual selection aligned for seven of the nine mutations overall ( Figure 5 ). Only two mutations significantly reduced productivity, and both also reduced male mating success, significantly for one (eyeless) and nonsignificantly for the other (sepia).
DISCUSSION
In evolutionary biology, it is widely believed that the effects of deleterious alleles are more pronounced in stressful environments (Agrawal and Whitlock, 2010) . While this is supported for some alleles (for example, Korona, 1999; Remold and Lenski, 2001; Szafraniec et al., 2001; Fry and Heinsohn, 2002; Baer et al., 2006) , for others there is little or no evidence for increased strength of selection with stress (Korona, 1999; Kishony and Leibler, 2003; Baer et al., 2006) . The current study provides additional support for the view that stress does not, on average, increase the efficacy of selection. In particular, within the confines of nine mutations, two fitness components and one stressor, despite strong evidence of selection against several deleterious alleles, there was no support for the stress hypothesis. While such additional data are valuable, generalizations as to the average effect of stress on the strength of selection remain hampered by the limited Figure 4 Exploring the alignment of natural and sexual selection for nine separate mutations in the ancestral (cornmeal-based food) environment. Natural and sexual selection coefficients were estimated from the effects of each mutation on productivity and male mating success, respectively. The error bars represent 95% confidence intervals from 1000 bootstrap replicates. A 1:1 line is shown for reference. Figure 5 Exploring the alignment of natural and sexual selection for nine separate mutations in the novel (corn-flour-based food) environment. Natural and sexual selection coefficients were estimated from the effects of each mutation on productivity and male mating success, respectively. The error bars represent 95% confidence intervals from 1000 bootstrap replicates. A 1:1 line is shown for reference.
Stress does not strengthen selection K MacLellan et al range and number of mutations and stressors, and this therefore remains an important topic of investigation. With respect to mating success, although a number of studies have explored the interaction of stress and mating behavior (Patton and Krebs, 2001; Lidgard et al., 2008) and many have documented a relationship between condition and secondary sexual characteristics (Jennions et al., 2001; Cotton et al., 2004) , to our knowledge this study is the first to quantify the effects of stress on selection for single loci. Many studies suggest that sexually selected traits are conditiondependent (Cotton et al., 2004) and this may lead one to conjecture that, under stressful conditions, relatively healthy males should have more preferred secondary sexual characteristics, and thus a higher mating success, than less healthy males. However, the hypothesis that stress leads to stronger selection through mating success for deleterious alleles has been little tested, if at all, and current data suggest that selection for mating success at the level of the locus does not increase in general under stress. Rather, our results suggest that males with deleterious alleles pay no extra price in relative fitness under more stressful as compared with benign conditions. On the other hand, stress was imposed in our experiment through a novel diet that reduced larval survival and increased development time, and the extent to which these effects carried over to the emerging adults is not known. It is therefore possible that the surviving males suffered no ill effects of this larval stress, thereby explaining the strong correspondence between environments in the selective coefficients on these mutations arising from their effects on male mating success. In general, the extent to which the effects of stress experienced during certain life stages extends to others has received limited attention yet could have important implications. General conclusions on the effects of stress on mating success therefore await further data addressing a range of stresses and a variety of mutations.
The mutations used in this study are not a random selection of all possible mutations. Instead, they are mutations that have fairly large, visible phenotypic effects, and the selection coefficients against them tend to be larger than most typical mutations. These mutations may therefore behave differently from other mutations, and it is possible, for example, that their deleterious effects on male mating success may be relatively insensitive to diet as compared with their pleiotropic effects on other traits affecting fecundity and viability, such as resource acquisition. Direct empirical data are lacking with which to address such questions and more work is needed. Nevertheless, having said this, these mutations have large enough effects that changes in the strength of selection ought to be detectable, which may be much more difficult for alleles of smaller effect. The fact that changes in selection with stress were not detectable for even these large-effect mutations argues that the effects of stress are in fact relatively small. However, insufficient power may also have been an important factor in our inability to detect an effect of stress given that selection on these mutations arising from productivity was often not statistically detectable (Table 2) .
On the other hand, these mutations are unlikely to be biased from the point of view of the type of function that they have. They are not chosen from known DNA-repair pathways or from kinds of genes that are known to be upregulated during stress like chaperone proteins. As a result, they are unlikely to be of the specific classes of genes that are likely to show increased selection coefficients during stress (Agrawal and Whitlock, 2010) . Similarly, the environmental stressor that was used is likely to be common in nature and to affect all individuals equally, unlike density stress that has been hypothesized to create scramble competition and therefore cause more fit individuals to have better access to resources and therefore different environments (Agrawal and Whitlock, 2010) . The fact remains, however, that we have considered only one type of stress imposed through a particular dietary manipulation; data addressing the effects of additional stressors are needed to determine the generality of our results. Martin and Lenormand (2006) have identified several predictions about the nature of selection in more stressful environments on which the current results may shed some light. First, they predict that alleles should be more variable in their effects in stressful rather than benign environments. In the current study, we find that the variance in fitness among mutations is increased in the stressful environment by about 87% for male mating success and 18% for productivity, although these increases in variance in s are not significant (Brown-Forsythe test, P¼0.36 for male mating success and P¼0.79 for productivity). Similar results were found recently for a series of 20 mutations with dominant visible effects in D. melanogaster, where the variance in viability selection increased by 77% (P¼0.11) in a more stressful environment as compared with a less stressful one (Wang et al., 2009) .
Second, Martin and Lenormand (2006) predict that some mutations will switch from deleterious to beneficial under stressful conditions, but we find little support for this. Seven mutations had significant deleterious effects on mating success in the ancestral environment, and four of these (brown, cinnabar, eyeless, white) remained significantly deleterious in the novel environment. The others remained deleterious but not significantly so. Three mutations had significantly deleterious effects on productivity in the ancestral environment, and two of these (eyeless and sepia) remained significantly deleterious in the novel environment. The third (claret) switched sign, but there was no statistical support for saying that it had become beneficial. In all, there is little support from these data for the prediction that some deleterious alleles become beneficial under stress. However, these data do not provide perfect conditions for testing these predictions because these alleles are of relatively large effect. The theory of Martin and Lenormand would predict that smalleffect mutations are more likely to shift from deleterious to beneficial under stress. We have insufficient power to investigate such changes and our data should therefore not be taken as refuting this prediction.
Finally, Wang et al (2009) noted that Martin and Lenormand's theory also predicts that, for unconditionally deleterious mutations (that is, deleterious in both environments), selection should increase under more stressful conditions. For mating success, four mutations are unconditionally deleterious. Selection against three of them (cinnabar, eyeless, white) is stronger in the novel than the ancestral environment, whereas selection against the other (brown) shows the reverse pattern. None of the changes for mating success are statistically significant however (two-tailed t-tests treating cages as replicates: brown, P¼0.412; cinnabar, P¼0.265; eyeless, P¼0.130; white, P¼0.188). For productivity, two mutations are unconditionally deleterious and the estimate of s is higher in the novel environment as compared with the ancestral environment for one of these (eyeless, P¼0.004) and non-significantly lower for the other (sepia).
If reproductive success is condition-dependent, sexual selection may align with natural selection to promote adaptation and the purging of deleterious mutations. Selection on males in particular has been shown to be potentially important in the amelioration of mutation load because, in polygamous mating systems with low paternal investment, selection on males can reduce the frequency of deleterious alleles without causing a reduction in the mean fitness of the population (Manning, 1984; Kodric-Brown and Brown, 1987; Koeslag and Koeslag, 1993; Whitlock, 2000; Agrawal, 2001; Siller, 2001; Lorch et al., 2003) . To date, the effect on male reproductive success has been quantified for 14 different mutations with significant deleterious effects on non-sexual fitness (Whitlock and Bourguet, 2000; Pischedda and Chippindale, 2005; Sharp and Agrawal, 2008) . Of these 14 mutations, sexual selection on males aligned with natural selection for 10 of them, increasing selection against them (Whitlock and Agrawal, 2009 ).
In our experiment, effects on male mating success and productivity were concordant for five of nine mutations overall in the ancestral (that is, low stress) environment to which the population is adapted (Figure 4) , and seven of nine mutations overall in the novel (that is, high stress) environment ( Figure 5) . Support for the alignment of natural and sexual selection is therefore weak in this respect and in neither environment can we reject the general absence of an association. While data with which to evaluate this for individual mutations are limited (productivity effects were significant, or nearly so, for only four/two mutations in the ancestral/novel environments, respectively), there is a stronger trend suggesting alignment of natural and sexual selection when the analyses are restricted to this subset. In particular, of the four mutations in the ancestral environment that had significant or near-significant deleterious effects on productivity, male mating success was significantly reduced for all of these (claret, eyeless, sepia, white). Whitlock and Bourguet (2000) independently found the same result for claret. The other three, however, are novel and show concordant effects on mating success and productivity, yielding 13 of 17 independent mutations across studies that support the hypothesis that natural and sexual selection tend to align. In the novel environment, mating success was also reduced for both of the mutations affecting productivity, although this reduction was significant for only one of these (eyeless).
Our choice of mutations is unlikely to be biased with respect to the alignment of natural and sexual selection because they were not chosen with respect to their effects on condition. However, these mutations do have visible phenotypic effects that may make them direct targets of sexual selection. Such direct selection may serve to weaken the alignment of natural and sexual selection that arises from condition-dependent reproductive success. We have also considered the effect of these mutations on mating success only; the condition dependence of other components of male sexual fitness, such as sperm competitive ability or search effort (MacLellan et al., 2009) , could also be important. Finally, for sexual selection to reduce mutation load and promote adaptation, total selection in males must be stronger than it is in females (Whitlock and Agrawal, 2009) . Unfortunately, as with most of the other studies, we cannot compare selection in males and females directly because our productivity measure included the survival to adulthood of male and female offspring heterozygous for the mutation, although the degree that these mutations are recessive will minimize this problem in this case. More data are needed with which selection can be compared directly between the sexes (for example, Sharp and Agrawal, 2008 ).
An emerging picture suggests that selection against deleterious mutations is enhanced-usually, but not always-by reduced mating success of males that carry those mutations and that selection is not affected by a stressful environment on average, although for individual genes the effect is variable. To understand natural selection, we need to know not only its effects at the phenotypic level, but we would also like to be able to predict how selection on individual loci will be affected over all fitness components and by interactions with the environment. In attempting to do this, some trends emerge (such as the tendency for alleles to be selected in the same direction owing to their effects on productivity and male mating success) but other patterns are not strong (such as any possible relationship between stress and the strength of selection). Currently, the strongest pattern appears to be one of heterogeneity among loci, and it is therefore only by doing more studies at the level of the single locus that we will better understand the patterns of selection that are possible.
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